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. ifnesetup.

AC-gate voltage

Uy(t) = Uy + U, coswt

results in AC tunneling current I (t).
SEB admittance
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 Farameters ana scales ]

number of transport channels N.p

channel conductance g
g conductance g =8
energy Ee
e Level spacing on the island 0

e Eixternal charge

e Temperature

Throughout all our calculations: [HEESEIR=S EE



 viouyaton ..

e Experiments on admittance in a single electron box

e Low temperatures I’ < 9, quantum dot in 2DEG
Gabelli, Feve, Berroir, Placais, Cavanna, Etienne, Jin, Glattli,

Science 313, 499 (2006)

e Intermediate temperatures 0 < T' < E., metallic island Persson, Wilson, Sandberg,
Johansson, Delsing, arXiv:0902.4316

e Theory on admittance in single electron box

e Low temperatures T’ < 0
Buttiker, Thomas, Pretre, Phys. Lett. A180, 364 (1993)

e High temperatures T" > ¢
Buttiker, Nigg, Phys. Rev. B77, 085312 (2008)
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High temperatures T' > max{gF., F.} SEB admittance (classical)

1
G(w) = —iwC, + C,CRS + OW®), R—=11

e? g

Energy dissipation rate (classical)
W = w?CR|U,|?

Low temperatures 1" < 0

G(w) = —i(@)+ @@ + O,
Wy = w2®Uw\2

CM - mesoscopic capacitance, Rq charge relaxation resistance. M. Buttiker, et. al. 1993

What is the SEB admittance, R,;, and C,

at intermediate temperatures max{d, gé} < T < E.7



Hamiitonian

H:HO+HC+Ht

Coulomb interaction

Cy

Upt+U, coswt CJ-

Zsk aka —I—Za‘&d)dgda,

= Z tkaa,ida + h.c.
k,o

Hc:Ec(ﬁd—Q)2, ﬁd:Zdea’ E. = c q= CyUyg




eneral iormuice

Hierarchy of scales

max{gd,d} < T < E. < Eyp,

Dissipation and admittance

= ngf)az,ak - Z eDdt d,, + Ztkaa,tda +h.c. + Ec(fg — q(t))Q,
k @

k,a

g =Y _dlda, U,(t) = Up + U, cos wt.

2
W(w) = —C—gw|Uw\2lmHR(w), Dissipation
[Ir(t) = iO(t)(|nq(t),nq(0)]), Polarization operator
R
G(w) = —iwC (1 + e éw)) Admittance
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Weak coupling regime

g>1

Strong coupling regime
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e? g(T)

(1 — DgQ(T)e_@cos 2mq

gEc

h T)=g9—21
where g(T) = g N
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2
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where A = E.(2k + 1 —2q), A =
1+ gA
1 E.
A= In =
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weak Coulomb oscillations

developed Coulomb blockade



W, = w? AD)|UL?, w—0

Weak coupling regime Strong coupling regime

g>1 9k, lg—k—-—1/2| K1
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nirigue

At g > 1 one expects classical-type resistance.

On the other hand

A= C?R. R=1 /q the conductance of a two terminal set-up :
y ‘o R, ,

024 A(q) 024G(q)




viain conclusion

Dissipation and admittance are universally factorized in both g << 1, g > 1 limits

G(w) = —wCer(T) + C%C;(T)Rq(T)w2 + O(w?)

Energy dissipation rate
W = w?Cy(T)Ry(T)|U,

Correlators Cy(T'), Cegt (T'), Ry(T") are defined for 0 < g < o0

The SEB parameters become temperature dependent.
f Ceg (1) — C,4, Cy(T) — C,and Ry (1) — R then it coincides with classical result

What is the physical meaning of Ceg (1"), Cy (1) and R, (1T')?



Single electron transistor (SET) Equivalent circuit for SET
Vi g, g, Vi

If V; = V,., = 0 SET is equivalent to SEB with g = g, + g,



arge reliaxation resistance

SEB/SET SET
Charge relaxation resistance Conductance
h 1 ez qg
R, (T)=— G = ——2=L__¢(TT
1) =2 g'(T) T)=3% (1 + 9027 &)
Strong coupling regime
g>1

g<1|lg—k—-1/2| <1

g'(T) = g(T) — Dg’ (T)G_Q(T)/QCOS 27(q

gE.
6 DT

and D = (72 /3) exp(—y — 1)

where g(T) = g — 21n

Altland, Glazman, Kamenev, Meyer, Ann. of Phys. (N.Y) 321, 2566
Guinea, Schon, EPL 1, 585 (1986);

Bulgadaev, JETP Lett. 45, 622 (1987)

_g__A
J(T) = §rbs

T sinh A

T
~ A
where A = E.(2k + 1 — 2q), A =

14 gA
1 E. ~
A= 5 In —— and g = g
2m max{T, |A|} 14 gA

Schoeller, Schon, Phys. Rev. B50, 18436 (1994)




arge reliaxation resistance

SEB/SET

Charge relaxation resistance

ho1
e? g'(T)

R, (T) -

Weak coupling regime

g>1

SET

Conductance

et a9
¢ =5t or? @

Strong coupling regime

g1, |lg—k-1/2| K1

0.5¢

weak Coulomb oscillations

developed Coulomb blockade



~RENnormailized gate capacitance

For SET
+ g,)? dw 0S1(w, Vi
=0+ g)p.v./ 1(w, Vac)
27Tglgr w anc

Burmistrov, Pruisken, Phys. Rev. Lett. 101, 056801 (2008)

where non-symmetrized current noise

_ dng(t)
o dt

S1(w, Vie) = / dte=t(F()1(0)), (1)



Weak coupling regime

g>1

oq' (T)
dq

Strong coupling regime

g1 jg—-k—-1/2| K1

D
— ¢*(T)e 9"/ 25in 21q

/
T) = g —
¢ (T)=q .

Burmistrov, Pruisken,

Cy(T)

q¢'(T)

1 1 A
=k+§—§tanh—

Phys. Rev. Lett. 101, 056801 (2008)

Cy(T)

1

| N |

1 2 3

weak Coulomb oscillations

developed Coulomb blockade



2
Ee .
Q(T) =q— %6_9/2 In 7 sin 271q

Wang, Grabert, Phys. Rev. B53, 12621 (1996)
Ceff(T)




tanh A /(27)

1 1
TY=k+-—=
Q(T) +2 2 14gA
~ A g
here A = E.(2k+1—2q), A= , J = d
where (2k + q) TN g 5o an
1 E.
A= In

272 max{T, |A[}

Matveev, Sov. Phys. JETP72, 892 (1991); Schoeller, Schon, Phys. Rev. B50, 18436 (1994).
Ceff(T)
1,




(o (L ) versus Cog(L )

Cy(T)versus Ceg(T): g < 1, | —k—1/2] < 1

q'.Q

| -

0 ‘ 14
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At = 0:

1
11 1 11 %m(q—k—a)
d=k+—+—%n@—k——) Q=k+5+;

1
2 2 2 2" 21+ 5% In gy

o)

¢’ is integer quantized at 7" = 0 but () is not !



eclive action

H = ng aka +Z€ )l dy +Ztma2da+hc —I—E(nd—q(t))2,
k,a

Ng = Zd;&da, U,(t) = Uy + U, coswt.

AES-model
Ambegaokar Eckern Schon, PRL 1983

SAES:SC+Sgt+Sg+Sd
1 €]

.2
c= T d
S IE. OdT

G 5
Sgt = —27T7jq/ pdr, S, = iC’g/ o(T)U(T)dt, q = C,Uy
0 0

1

sin® 7T (11 — 72)

b |
Sd p— —%f 04(7-12)61(90(71)_90(7-2)> dTldTQ, CY(TlQ) —
0

S. -charging Sg Coupling with gate
Sa Non-linear dissipative term S+ topological term
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Ng = Zd;&da, U,(t) = Uy + U, coswt.

AES-model
Ambegaokar Eckern Schon, PRL 1983

SAES:SC+Sgt+Sg+Sd
1 €]

.2
c= T d
S IE. OdT

p p
Sgt = —27m'q/ pdr, Sy = z’C’g/ o(T)U(T)dt, q = C,Uy
0 0

1

sin® 7T (11 — 72)

b |
Sd p— —%f 04(7-12)61(90(71)_90(7-2)> dTldTQ, CY(TlQ) —
0

S. -charging Sg Coupling with gate
S4 Non-linear dissipative term Sqt topological term



unneiling conductance

Tunneling conductance ¢

A a a 1/2
g = (2002 (8l D tkad ()t

. 1/2

Jaar = (27)? [5(5&d>>5(5fj))} Ztlkd(glia))tkaH

effective channel

effective number
conductance

of channels

Jch < 1

g = trg = trg = g, Nap.



| F0Imal definition or observaples ...

1

sin? 7T (11 — T2)

B .
/ 04(7'12)61[(’0(7-1)_(’0(72)]dTldTQ, 04(7'12) =
0]

Field-correlator

K(712) = —%Oz(ﬁg)<€i[(’0(ﬁ)_(’p(m)]>,

Observable ¢’ (T')

oK (w) ‘
Ow w=0

g (T) = 47im

G. Schon, E. Mottola E. Ben-Jacob PRL, 1983

Observable ¢’

OK % (w) |
Ow w=0

¢(T) =Q +Re

() - average charge in the island

|. Burmistrov, A. Pruisken, PRL, 2008



vweak coupling regime g > 1 |

Perturbation theory in 1/g

Existence of instanton solutions

pw (B) = ¢(0) + 27W

(W e onirT sgn W
ce:1n Z T [ ™™ — Za ]

1 — 2a627m'7'T

a=1
Korshunov, JETP Lett.1987; Bulgadaev, Phys.Lett. 1987

Action on instanton configuration

Sglow] + Salew] = —2miWq + g\W\

(1) = —C*(T;¢(7)¢(0))



g < 1 < Pronounced Coulomb blockade

A.ECh(”’aQ)
\ ! \ I
\ / \ /
\ / \ /
N 7/ N\ 7
al |
n=k Nky\nkﬂ
A l 1 | -
k k+1 k2 gle
/. q

Rigorous treatment is available for:

e
A< E,~—
< O



rong couplingregime. g X 1, | — K — 1/ X 1

‘ECh(n7Q)
\ ! \ I

/\% ’*’%\n b
s

k+2 q/e

k

/

Only 2 closest states contribute to transport

0: n=k
l: n=k+1
Kondo-type-Hamiltonian in the truncated Hilbert space
A%  E.
4

H=H,+ Ztkaa,idaﬁ + h.c. + As, + E -
k,a

Matveev, JETP, 1991



Achh(naQ)

k / k+1 k+2 Q/'e

Only 2 closest states contribute to transport

0: n=k
l: n=k+1
Kondo-type-Hamiltonian in the truncated Hilbert space
A’ E
H=H, + ;tkaazdaﬁ 4 he + As. + 5 4 TC

Matveev, JETP, 1991



Effective action

BA
2

Correspondence with AES-phase field:

3 g 7
S = BE.(k—q)* + +A/O SZ(T)dTJrZ/O dridr20(T12)s™ (11)s™ (72)

p— S5, ¥ —-st, e s

A. Larkin V. Melnikov JETP 1971

Key correlators in terms of spin-variables:

e Correlator K (1)
K(r) = = Ja(r)(s" (1)s™(0))

e Polarization operator I1(7)



rong coupiing regime, tfieid tneor

S- operators are described in terms of Abrikosov pseudo-fermions

st = 1@5&51@6

Effective action

g [” - -
S = / dﬂ#pf 3 )%f + 3 /0 dridraa(Ti2) [VYps(T1)o—Ypr (T)|[Ypr (T2) o+ Ppr (T2)]
0
2= gen |




rong coupiing regime, tfieid tneor

Partial summation of some infinite classes of diagrams yields non-perturbative result

ETW o
g
{w)= ; w o w
7 €
g,
[,(e,e+w,w)= WM( -exact vertex
o
Go(w)= —»— -exact Green's

function




E.=700mK (15GHz)
o =30mK (0.6 GHz)

Reflected Amplitude [a.u]

-0

G (w) Cy 1 g —iw coth A —|— l1/7\’]:‘)“(<,u)
f(w) = —
C (1+ 9>‘)2 A7 coth % — W —}— Coth
Cy g PBA —iw
— Y A7T
G0 = G i b BA i + 8B o &, ¢ S AT
~ A
where A = E.(2k+ 1 —2q), A = , g = I _ A= ! In EC,\ , and
1+ gA L+ gA 212 max{T,|Al,|w|}
Y ~ + 03 ~ ioﬁ
FR(w) = A 2T A AR 0.
(w)= > {( + aw)¢< S ) w(%T)] gA ~ 0.03



conclusions..

e Energy dissipation in SEB at max{d, g0} < T < E. in weak (¢ > 1) and strong
(g < 1, |q — k — 1/2] < 1) coupling regimes was studied.

® In both cases it can be expressed in terms of two physical observables g’ (T ) and
¢ (T):

W, = 2O RYT)U P, Ry(T) = -5 ———, Cy(T) =

e We expect that this result holds in general for max{d, g0} < T < E..
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